Pini M, Gove ME, Fayad R, Cabay RJ, Fantuzzi G. Adiponectin deficiency does not affect development and progression of spontaneous colitis in IL-10 knockout mice. Am J Physiol Gastrointest Liver Physiol 296: G382-G387, 2009. First published December 12, 2008 ; doi:10.1152/ajpgi.90593.2008.-The goal of this study was to investigate the role of the adipokine adiponectin (APN) in development of spontaneous colitis in IL-10 knockout (KO) mice. To this aim, we generated double IL-10 APN KO mice and compared their disease development to that of single IL-10 KO mice. Both IL-10 KO and double IL-10 APN KO mice spontaneously developed colitis of comparable severity. No significant differences in inflammatory infiltrate or crypt elongation were observed in colonic tissue obtained from IL-10 KO and double IL-10 APN KO mice at either 12 or 20 wk of age. A comparable increase in circulating levels of serum amyloid A and IFN-␥ was observed in IL-10 KO and double IL-10 APN KO mice as disease progressed. In vitro stimulation of lymphocytes from mesenteric lymph nodes with anti-CD3 and anti-CD28 induced a significantly higher production of IL-17 and TNF-␣ in IL-10 KO and double IL-10 APN KO mice compared with their healthy littermates. No significant differences in cytokine production from lymphocytes or colonic mRNA expression of cytokines were observed between IL-10 KO and double IL-10 APN KO mice. Both IL-10 KO and double IL-10 APN KO mice had a similar decrease in body weight and bone mass compared with their respective healthy littermates. Finally, APN deficiency did not lead to development of insulin resistance, either in APN KO or double IL-10 APN KO mice. In conclusion, lack of APN does not play a significant role in the pathogenesis of spontaneous colonic inflammation in the IL-10 KO model. adipocytes; colon; cytokines; inflammation ADIPONECTIN (APN) is an adipokine, a protein mostly produced by adipocytes, involved in modulation of insulin sensitivity, cardiovascular disease (CVD) and inflammatory responses (9) . Murine and human APN are 82% identical at the amino acid level and share a common complex structure: APN monomers form trimers which further polymerize to generate complexes of varying molecular weight (13) . Both murine and human APN exert their bioactivity by binding to specific membranebound receptors (ADIPOR1 and ADIPOR2) as well through molecular interactions with selected molecules, such as Tcadherin and various growth factors (27) . The different molecular weight forms of APN may exert specific biological activities, although this issue has not yet been completely clarified.
Several reports indicate an anti-inflammatory function of APN, including effects on suppressing production of proinflammatory cytokines, such as TNF-␣ and IL-6, while increasing expression of anti-inflammatory ones, such as IL-10 and IL-1Ra (18) . However, proinflammatory effects of APN have also been reported in various experimental systems (8) . For example, APN induces chemokine production from colonic epithelial cells (22) and stimulates IL-6 synthesis in fibroblasts (20, 28) . Thus the role of APN as a modulator of inflammation is likely multifaceted and highly context dependent.
Reduced circulating levels of APN are observed in subjects with the metabolic syndrome, Type 2 diabetes, or CVD compared with healthy individuals (13) . It has been postulated that low APN is pathogenic in these metabolic conditions, favoring development of insulin resistance and atherosclerosis. In contrast, increased levels of APN are observed in several autoimmune and chronic inflammatory diseases (8) . In particular, high levels of APN at both the mRNA and protein level are present in the mesenteric adipose tissue of Crohn's disease (CD) patients compared with controls (23, 32) . In the same CD patient, APN expression is higher in inflamed compared with noninflamed adipose tissue, indicating the presence of an ongoing inflammatory reaction concomitant with high APN expression (32) . The alterations of APN expression observed in CD patients suggest that this molecule might participate in modulation of colonic inflammation as well as influence extraintestinal manifestations of IBD, such as bone loss, arthritis, and others (11) . It is therefore important to evaluate the potential involvement on APN in models of IBD to better understand the involvement of this adipokine in the pathogenesis of chronic colitis.
The use of experimental models of IBD, particularly in mice, has been instrumental in advancing our understanding of the pathogenesis of this complex disorder and in generating novel therapies (25) . A variety of experimental models of IBD has been developed, each of which reproduces distinct aspects of human IBD (31) . When studying the role of a molecule or pathway in IBD, it is therefore important to use different experimental approaches to encompass the whole pathophysiological spectrum. We and others have previously reported an altered response to colitis induced by administration of dextran sulfate sodium (DSS) in APN knockout (KO) mice (10, 21) . However, although our laboratory (10) observed that APN deficiency was associated with protection from colonic inflammation in response to DSS, the opposite results were reported by Nishihara and colleagues (21) . The reasons for this discrepancy are currently unclear.
IL-10 is an anti-inflammatory cytokine primarily secreted by monocytes and lymphocytes (12) . IL-10 KO mice spontaneously develop chronic intestinal inflammation, which is manifested by symptoms commonly associated with CD, including weight loss and osteopenia (2) . Development of disease in IL-10 KO mice is largely dependent on the inappropriate immune response to intestinal antigens, mediated by effector CD4 ϩ T cells. In IL-10 KO mice, colitis develops between 10 -20 wk of age and is associated with excessive secretion of Th1 and Th17 cytokines.
Because APN is elevated in CD patients (23, 32) , we evaluated the role of APN in the IL-10 KO model of chronic colitis that partially reproduces CD pathogenesis. To this aim we generated double IL-10 APN KO mice and compared them with single IL-10 KO mice. Our data indicate that APN deficiency does not play a significant role in modulating colonic inflammation in the IL-10 KO model.
MATERIALS AND METHODS
Experimental animals and treatments. Care of mice followed institutional guidelines under a protocol aproved by the institutional Animal Committee of the University of Illinois at Chicago. Double IL-10 APN KO mice were generated by crossing heterozygote APN ϩ/Ϫ mice on a C57BL/6J background with IL-10 KO mice also on a C57BL/6J background obtained from The Jackson Laboratories (Bar Harbor, ME). The progeny was genotyped for IL-10 and APN by PCR of genomic DNA. After genotyping, APN deficiency was confirmed in each mouse by measuring serum APN using a specific ELISA (R&D Systems, Minneapolis, MN). Mice were weighed weekly and monitored for appearance of diarrhea or rectal prolapse. Mice were euthanized by isoflurane inhalation and cervical dislocation at 12 or 20 wk of age. Littermates of various genotypes were used in each experiment.
Postmortem, the entire colon was excised and, after extensive washing in PBS to remove fecal matter, the colon was dissected. A 1-cm segment of the transverse colon was fixed in formalin, embedded in paraffin, sectioned at 5 m, and stained with hematoxylin and eosin for histological analysis. Sections were evaluated in a blinded fashion by a pathologist (R. J. Cabay). A score (0 -3) was given for inflammatory cell infiltration, based on the following criteria: grade 0, no change from normal tissue; grade 1, one or a few multifocal mononuclear cell infiltrates in the lamina propria; grade 2, intestinal lesions with several multifocal inflammatory cell infiltrates in the lamina propria, with no inflammation in the submucosa; grade 3, extensive leukocyte infiltration involving most of the intestinal section. A score (0 -3) was given for crypt elongation, based on the following criteria: grade 0, no change from normal tissue; grade 1, minimal epithelial hyperplasia; grade 2, moderate hyperplasia; grade 3, marked hyperplasia.
Bone mineral density (BMD) and content (BMC) were evaluated by dual energy X-ray absorptiometry scanning of the whole mouse body, excluding the head.
Serum and tissue sample collection. Blood samples were obtained from the retroorbital plexus under isoflurane anesthesia, and serum was prepared and stored at Ϫ70°C until analysis. Two segments of the colon were removed and snap frozen in liquid nitrogen and stored at Ϫ70°C until analysis. Lymphocytes were isolated from mesenteric lymph nodes (MLN). One MLN was removed, passed through a 100-l strainer with 5 ml of RPMI (1% Pen/Strep), washed, and resuspended in 1 ml of RPMI. Lymphocytes were counted and cultured at 4 ϫ 10 6 /ml for 24 h at 37°C in 96-well plates in the presence or absence of plate-bound anti-CD3 and anti-CD28 antibodies, each at 10 g/ml (BD Biosciences, San Jose, CA).
Miscellaneous measurements. Adiponectin, leptin (R&D Systems), IL-6 (BD Biosciences), TNF-␣, IFN-␥, and IL-17 (e-Bioscience, San Diego, CA) concentrations were determined by ELISA. The sensitivity of each assay is 15 pg/ml. Serum amyloid A levels were determined by ELISA (Biosource International, Camarillo, CA), with a sensitivity of 5 ng/ml. Blood glucose levels were measured in 4-hfasted mice via a OneTouch glucose monitoring system (LifeScan). RNA expression analysis. Total RNA was isolated from frozen colon tissue samples using TRIzol and reverse transcribed. Gene expression levels were assessed by real-time quantitative RT-PCR using specific primers from Applied Biosystems. Amplification of the housekeeping gene GAPDH was performed for each sample to allow normalization. Data normalized to GAPDH were compared using the ⌬⌬Ct method and expressed as fold induction of gene expression in IL-10 KO samples vs. control samples.
Statistical analysis. Statistical analyses were performed using XLStat software (Addinsoft, Paris, France). Significance of differences was determined by factorial ANOVA (Fisher's pairwise comparison) and paired Student's t-test. Data are expressed as means Ϯ SE. Differences were considered significant at P Ͻ 0.05.
RESULTS

Serum APN levels.
In agreement with previous studies (15) , serum APN levels were significantly reduced in both male and female APN ϩ/Ϫ compared with APN ϩ/ϩ mice. As shown in Table 1 , on average serum APN levels were 58% lower in APN ϩ/Ϫ compared with APN ϩ/ϩ males and 50% lower in APN ϩ/Ϫ compared with APN ϩ/ϩ females. However, no significant differences were observed between APN ϩ/Ϫ and APN ϩ/ϩ mice for any of the other parameters evaluated. Therefore, results from both genotypes were combined into a single group [wild-type (WT)]. Furthermore, no significant differences in circulating APN levels were observed between IL-10 ϩ/ϩ and IL-10 Ϫ / Ϫ mice at either 12 or 20 wk of age when matched by age and APN genotype (ϩ/ϩ or ϩ/Ϫ) (data not shown).
Development of colitis in IL-10 KO and double IL-10 APN KO mice. Double IL-10 APN KO mice were generated and disease development was compared with that of single IL-10 KO mice, at an early phase (12 wk) and a late phase (20 wk) of disease. Both IL-10 KO and double IL-10 APN KO mice developed a significant inflammatory infiltrate in the colon at 12 and 20 wk (Fig. 1A) . Severity of the inflammatory infiltrate was not significantly different between the two groups. In the early phase of disease, both IL-10 KO and double IL-10 APN KO displayed minimal crypts hyperplasia (Fig. 1B) , whereas in the late phase a marked hyperplastic response was observed in both groups compared with their respective controls. Representative figures of colonic samples from each group are shown in Fig. 1F .
The gradual progress of colonic inflammation was associated with elevation in circulating levels of the acute-phase protein serum amyloid A (SAA) in both IL-10 KO and double IL-10 APN KO mice (Fig. 1C) . Serum levels of IFN-␥ also correlated with colitis severity, with markedly increased levels in both IL-10 KO and double IL-10 APN KO at 12 and 20 wk compared with their respective controls (Fig. 1D) . No signifi- cant differences in SAA or IFN-␥ levels were observed between IL-10 KO and double IL-10 APN KO mice. As shown in Fig. 1E , a significant enlargement of MLN was observed at 20 wk of age in both IL-10 KO and double IL-10 APN KO mice with no significant differences between the two groups. Mortality was observed in 3 of 34 IL-10 KO mice and 1 of 52 IL-10 APN KO mice (not significant). Finally, 1 of 34 IL-10 KO and 1 of 52 IL-10 APN KO mice developed rectal prolapse (not significant).
Cytokine production by mesenteric lymphocytes. Lymphocytes obtained from MLN were cultured in vitro with and without stimulation with anti-CD3 and anti-CD28 antibodies to evaluate cytokine production. As shown in Fig. 2A , stimulated lymphocytes from both IL-10 KO and double IL-10 APN KO mice produced significantly higher levels of IL-17 and TNF-␣ at 12 and 20 wk compared with lymphocytes from their respective healthy littermates. However, no significant differences were observed between IL-10 KO and double IL-10 APN KO mice in terms of IL-17 or TNF-␣ production. Comparable data were obtained when IL-6 and IFN-␥ were measured (data not shown). No significant differences for any of the cytokines were observed among the different groups in unstimulated MLN cultures (data not shown).
Colonic expression of cytokines.
To analyze cytokine expression at the site of inflammation, various cytokines were analyzed by RT-PCR of RNA extracted from colonic tissue. Colonic gene expression of IL-17 and TNF-␣ was increased in both IL-10 KO and double IL-10 APN KO mice compared with their healthy controls (Fig. 2, C and D) . However, no significant differences were observed between IL-10 KO and double IL-10 APN KO mice in terms of IL-17 or TNF-␣ expression. A similar trend was observed for IFN-␥ (data not shown).
Body weight, serum leptin levels, and bone mass in IL-10 and double IL-10 APN KO mice. IL-10 deficiency is associated with reduced body weight (17) . Body weight was evaluated weekly in IL-10 KO, double IL-10 APN KO mice and their respective littermates starting at age 4 wk. Growth retardation became evident in both IL-10 KO and double IL-10 APN KO mice compared with their respective controls between 4 and 6 wk of age, with both sexes equally affected (Fig. 3, A and B) . Reduced body weight in both IL-10 KO and double IL-10 APN KO mice was associated with significantly lower circulating levels of leptin compared with their respective controls (Table 2) . Furthermore, male APN KO mice had significantly lower body weight compared with their WT littermates up to 16 wk of age, when the difference became not significant (Fig. 3A) . Female APN KO mice were significantly smaller than WT littermates only at 4 wk of age (Fig. 3B) .
Inflammatory bowel disease is associated with bone loss (24) . The presence of colitis is an important contributor to osteopenia in IL-10 KO mice, with increased mechanical fragility and decreased bone formation (6) . The degree of osteopenia was investigated in IL-10 KO and double IL-10 APN KO mice by evaluation of BMD and BMC of the whole body as well as the tibia and spine separately at 12 and 20 wk of age. Both IL-10 KO and double IL-10 APN KO mice had a significantly lower BMC compared with their respective littermates, with a comparable effect observed in males and females (Fig. 3, C and D) . However, no significant differences were observed between IL-10 KO and double IL-10 APN KO mice. No differences were observed among the various groups when BMD was evaluated (data not shown). Separate analysis of tibia and spine generated results comparable to those obtained when the whole body was examined (data not shown).
Blood glucose and insulin levels. Because APN regulates insulin sensitivity, glucose and insulin levels were evaluated in IL-10 KO and double IL-10 APN KO mice and their respective controls after a 4-h fast. As shown in Fig. 4, A and B, at 12 wk of age, levels of glucose and insulin were comparable in each of the four experimental groups. At 20 wk, WT and APN KO mice had a comparable and significant age-related increase in Fig. 3 . Body weight and bone mineral content. WT, IL-10 KO, APN KO, and double IL-10 APN KO males (A) and females (B) were weighed weekly starting at age 4 wk. Both male and female IL-10 KO and double IL-10 APN KO mice were significantly smaller than WT and APN KO mice, respectively, at all time points after age 6 wk. C and D: whole-body BMC was evaluated by dual-energy X-ray absorptiometry (DEXA) in males (C) and females (D). Data are means Ϯ SE. N ϭ 18 -22 for A and B and N ϭ 7-10 for C and D. ***P Ͻ 0.001 WT vs. IL-10 KO mice and APN KO vs. IL-10 APN KO mice. 
DISCUSSION
The present report demonstrates that APN deficiency does not play a crucial role in the pathogenesis of spontaneous chronic colitis in the IL-10 KO model. In fact, no significant differences in disease severity, cytokine production, body weight loss, and osteopenia were observed between IL-10 KO and double IL-10 APN KO mice.
On the basis of data obtained in the DSS model (10, 21) and on the described activities of APN as both a pro-and antiinflammatory protein (8, 18) , either protection or increased inflammation could have developed in double IL-10 APN KO mice compared with single IL-10 KO mice. However, no significant differences in terms of inflammatory infiltrate or expression of proinflammatory cytokines was observed in colonic tissue between the two groups. Furthermore, because APN binds to and inhibits the activity of several growth factors involved in mucosal repair (30) , an increased hyperplasia of the colonic epithelial layer was expected in double IL-10 APN KO mice, as a consequence of enhanced cell proliferation (10) . Instead, the chronic inflammatory process caused comparable regenerative hyperplasia in both IL-10 KO and double IL-10 APN KO mucosa, leading to an analogous thickening of the intestinal wall in the two groups. A significant association between polymorphisms of either APN or one of its receptors, ADIPOR1, is associated with decreased colorectal cancer risk in humans (14) . Although the mechanisms linking APN to colon cancer are not currently understood, our data suggest that, in the IL-10 KO model, APN does not exert a major influence on colonic inflammation and mucosal hyperplasia, two parameters that favor development of colon cancer.
The persistent acute-phase response associated with both human and murine colonic inflammation is well documented (1, 29) . Previous studies reported an increase in circulating levels of proinflammatory cytokines, together with high levels of acute-phase proteins, in models of chronic colonic inflammation (3, 5, 26) . Furthermore, in subjects with active IBD, inflammatory markers, like acute-phase proteins, are significantly increased (4) . A comparable increase in circulating SAA and IFN-␥ was detected in IL-10 KO and double IL-10 APN KO mice with colitis, indicating that APN deficiency does not play a significant role in modulating these responses during colonic inflammation. This observation is at variance with results reported in obese subjects and patients with Type 2 diabetes, in which an inverse correlation between APN and biomarkers of inflammation, such as C-reactive protein or SAA, has been widely described (13) . These data suggest that APN modulates inflammatory responses during metabolic diseases but plays a less important role during colonic inflammation.
It has been amply demonstrated that APN regulates production of various cytokines from a variety of cell types (9) . In the present study, stimulation of mesenteric lymphocytes induced production of comparable amounts of proinflammatory cytokines in IL-10 KO and double IL-10 APN KO mice. Moreover, lymphocytes from WT and APN KO mice produced comparable amounts of IL-17, IL-6, TNF-␣, and IFN-␥ when stimulated with anti-CD3 and anti-CD28. These data indicate that APN does not have a critical influence in the activation of T cells either in the presence or absence of IL-10.
In addition to its role as a potential regulator of inflammatory responses, reports also indicate effects of APN in regulation of bone metabolism, insulin resistance and energy expenditure (13, 16, 19) , parameters that are associated with and influenced by the inflammatory response. Our data indicate that APN deficiency does not significantly influence bone density, glucose, insulin, or leptin levels either in the presence or absence of chronic intestinal inflammation. In fact, BMC as well as serum glucose, insulin, and leptin levels were affected in a comparable way in IL-10 KO and double IL-10 APN KO mice compared with their respective healthy controls. These data do not exclude the possibility that augmented levels of APN, as observed for example in APN transgenic mice, might influence In conclusion, despite its recognized role as a modulator of inflammatory responses both in vivo and in vitro (8, 18) , APN deficiency does not significantly modulate inflammation in the IL-10 KO model of spontaneous chronic colitis. However, our data do not exclude the possibility that the high levels of APN observed in CD (23, 32) might contribute to altering the metabolic and inflammatory profile of these patients.
